Abstract. Microtubule-associated Tau proteins are major actors in neurological disorders, the so-called tauopathies. In some of them, and specifically in Alzheimer's disease (AD), hyperphosphorylated forms of Tau aggregate into neurofibrillary tangles. Following and understanding the complexity of Tau's molecular profile with its multiple isoforms and post-translational modifications represent an important issue, and a major analytical challenge. Immunodetection methods are, in fact, limited by the number, specificity, sensitivity, and capturing property of the available antibodies. Mass spectrometry (MS) has recently allowed protein quantification in complex biological fluids using isotope-labeled recombinant standard for absolute quantification (PSAQ). To study Tau proteins, which are found at very low concentrations within the cerebrospinal fluid (CSF), we relied on an innovative two-step pre-fractionation strategy, which was not dependent on immuno-enrichment. We then developed a sensitive multiplex peptide detection capability using targeted high-resolution MS to quantify Tauspecific peptides covering its entire sequence. This approach was used on a clinical cohort of patients with AD, progressive supranuclear 1 These authors jointly directed this work. 
INTRODUCTION
Microtubule-associated tau proteins are main pathophysiological actors of Alzheimer's disease (AD). They form intraneuronal fibrillar aggregates called neurofibrillary tangles within the brain of affected patients. These aggregates constituted of hyper-and abnormally phosphorylated Tau can also be found in other pathologies or "tauopathies" [1] , like progressive supranuclear palsy (PSP) or some types of frontotemporal lobar degeneration. Tau proteins are coded by the microtubule-associated protein Tau (MAPT) gene. This 140 kb gene has 16 exons and generates via alternate splicing (especially exons 2, 3, and 10) six major different human brain isoforms of the protein [2] . Exons 2 and 3 encode sequences, located at the N-terminus, play modulatory role in the interaction of Tau with membranes and tyrosine kinases; while exon 10 encodes the fourth microtubule-binding domain (4R). These sequence variations modulate Tau function which is mostly related to tubulin polymerization and stabilization, an essential mechanism for efficient intracellular transport and axonal growth. The regulation of Tau function is ensured by its phosphorylation over about 85 putative sites scattered within the entire protein [1, 2] . The hyperphosphorylation of Tau protein reduces its affinity for microtubules, which can lead to disruptions of the cytoskeleton and aggregation associated with the formation of neurofibrillary tangles. In AD, the changes in cerebrospinal fluid (CSF) A␤ 1−42 are detected before the changes in Tau [3] , but the evolution of Tau gives a better index to the progression of patients' mental impairments, and this has now become a major line of study for developing new therapeutic approaches [4] . The changes in Tau and its phosphorylated isoform (p-Tau), which occur in early AD after the changes in A␤ 1−42 [3] , are highly correlated except in a few cases such as Creutzfeldt-Jakob disease [5] . In addition, Tau and p-Tau are useful biomarkers that can be detected in the CSF of patients [3, [6] [7] [8] . Tau and p-Tau CSF levels increase in AD and along with the measure of amyloid peptides they contribute to the positive diagnosis of AD, and its detection in early stages of the disease [9] . CSF Tau can also increase in other tauopathies [10] , as well when neuronal lysis occurs like in Creutzfeldt-Jakob disease [5] or in stroke [11] .
Studying the molecular profile of Tau is important for understanding the pathological mechanisms of tauopathies, improving the molecular diagnosis of these diseases, and developing new therapeutic strategies. This is, however, very challenging since this protein is probably one of the most complex protein targets with its six isoforms (ranging from 352 to 441 amino acids), many truncated forms, and forms with extensive post-translational modification (PTM) such as methylation, glycosylation, ubiquitinylation, and phosphorylation. These distinct Tau isoforms/proteoforms are differentially detected in the brain parenchyma of patients and eventually in CSF. Prior studies based on western blotting and ELISA suggested the presence of several Tau fragments and many phosphorylated forms [1, 12, 13] in this biological fluid. However, the low resolution of these techniques and lack of specific antibodies for its many possible isoforms has so far prevented obtaining a global view on Tau molecular profile in the CSF.
One major analytical tool to explore protein diversity is represented by mass spectrometry (MS), which already ensures confident quantification of xenobiotics, metabolites, lipids, or peptides in biofluids. In recent years, the emergence of targeted proteomic approaches by MS has allowed protein quantification in complex biological fluids [14] . In this work, we used a MS based method for the absolute quantification of protein called Protein Standard for Absolute Quantification (PSAQ) standards [15, 16] . We relied on the sensitive multiplex peptide detection capability of targeted high-resolution MS (HRMS) on a Q-Orbitrap to follow in parallel 18 peptides covering Tau N-terminus, central core and C-terminus. This approach was then used on a clinical cohort allowing us to investigate CSF Tau molecular profile in several neurodegenerative disease, including AD, PSP, and dementia with Lewy body (DLB).
METHODS

Subjects
All cognitive patients underwent a standardized clinical investigation including anamnestic, clinical, neuropsychological, screening laboratory tests, brain morphological (computed tomography (CT) scans and/or magnetic-resonance imaging (MRI)) or functional (single photon emission tomography 99mTc-ECD-SPECT scans) imaging evaluations. The standardized neuropsychometric battery included the Mini-Mental Status Examination (MMSE), the MATTIS dementia rating scale (MDRS), the Frontal Assessment Battery (FAB) [17] , and the Free and Cued Recall Test (FRCT). All clinical diagnoses were validated independently by three dementia experts. Patients were classified into four groups: AD (n = 11, as defined by the NINCDS-ADRDA criteria [18] ), PSP (n = 5, as defined by the NINDS-SPSP criteria [19] ), DLB (n = 4, as defined in McKeith et al. [20] ), and other control non neurodegenerative diseases (CTRL) (n = 12). The non-AD group included patients with subjective cognitive impairment, normal pressure hydrocephalus and vascular dementia. CSF A␤ 1−42 , Tau, and p-Tau concentrations were measured using standardized commercially available INNOTEST ® sandwich ELISA according to the manufacturer's instructions (Fujirebio Europe NV, formerly Innogenetics NV). The commercial Fujirebio Tau assay measures the total Tau concentration, including the six isoforms (352 to 441 amino acids). The capture antibody targeted the PPTERPK epitope (AT120), whereas the two detecting antibodies targeted DRSGYS epitope (BT2) and PPGQK epitope (HT7). Participants gave written consent for their participation to the study, which was approved by the ethical committee CPP Sud Méditerranée IV under the number 2011-003926-028.
CSF samples collection and storage
CSF samples were collected in polypropylene tubes using lumbar puncture methods (Starstedt; 10 mL, ref 62.610.201) in line with standard operating procedures [23] , transferred at a temperature of 4 • C within less than 4 h to the laboratory and centrifuged at 1000 g at 4 • C for 10 min. 0.5-mL aliquots of CSF supernatant were subsequently collected in 1.5-mL Eppendorf microtubes (Eppendorf Protein LoBind, ref 0030 108.116) and stored at -80 • C before being analyzed. These samples were used/tested without performing an additional freeze-thaw cycle. The methods used for the handling/traceability of the samples were in keeping with the procedures recommended in the biobank quality standard NFS 96-900, for which the laboratory is certified. No specific quality control procedures were performed as in Greco et al. [24] , but one aliquot of the samples was tested using ELISA assay to measure the AD biomarkers, and the fact that consistent results were obtained between A␤ 1−42 , Tau, and p-Tau suggest that no major preanalytical problems were involved.
Protein standards used for MS quantification
14N unlabeled recombinant 2N/4R (Tau-441), 0N/3R (Tau-352), and 1N/3R (Tau-381) Tau were purchased from Sigma-Aldrich (Saint Quentin Fallavier, France). 15N labeled recombinant Tau-441 protein [21] was a gift of Guy Lippens (UMR 8525, Lille Pasteur Institute, France). Isotopic incorporation of 15N in recombinant protein was estimated at ∼99% based on the isotopic profiles of tryptic peptides observed by LC-ESI-HRMS.
Tau purification and tryptic digestion
Extraction of Tau peptide samples was performed as previously described by Bros et al. [22] . Preparation methods used 450 L of human CSF or 0.5% serum samples (for standard curves achievement) spiked with 15N-Tau-441 immediately after thawing. Twenty-five microliters of 70% perchloric acid (Fluka analytical, Sigma Aldrich) were added for protein precipitation and samples were kept on ice for 15 min before centrifugation (15 min, 4 • C and 16000 g). Supernatants were collected and mixed with 50 L of 1% trifluoroacetic acid (TFA). Tau extraction was performed using 96-well Oasis HLB Elution plate and extracts were digested for 24 h at 37 • C with 40 L of 1 ng/L trypsin solution (Sequencing Grade Modified Trypsin, Promega, Madison, WI) in 50 mM ammonium bicarbonate. Finally, the digested result was acidified with 5 L of 10% acid formic and stored at -20 • C prior to LC-MS/HRMS analysis.
LC-MS/MS analysis
LC-HRMS was performed on an Ultimate 3000 chromatography system coupled to a Q-Exactive Quadrupole-Orbitrap mass spectrometer (Thermo Fisher Scientific, Bremen, Germany). MS parameters were thoroughly optimized to yield the best detection sensitivity and multiplexing capacity. Highfill times, and simultaneous 14N/15N isotopologue ion isolation, fragmentation, and analysis significantly improved detection sensitivity [23, 24] ). Despite the large isolation window, i.e., 10 m/z, used for the concomitant isolation of 14N/15N isotopologues, high-resolution/accurate mass detection of targeted fragment ions (PRM) allowed a very high detection specificity devoid of any interference compared with approaches using HRMS only (single ion monitoring, SIM) approaches. PRM spectra of Tau peptides were analyzed using Pinpoint software (Thermo Scientific). A specific processing method was created (QuanBrowser, Thermo Excalibur 2.2, Thermo Fischer Scientific) to extract a composite signal constituted by the sum of selected PRM transitions (3 ppm of isolation range) for each light and heavy peptides monitored. Additional information on the MS approach is provided in the Supplementary Material.
Statistical analysis
Statistical analyses were performed with the MedCalc software program (15.2.2). Parametric and non-parametric tests depending on the normal distribution of the data were used. Parametric Student's t-tests (Fig. 4) and non-parametric Mann-Whitney tests (Supplementary Table 3 ) were used to check the significance of the differences between two independent samples. Non-parametric Spearman's rho rank correlation coefficients (Figs. 1 and 3) were used to test the correlations between two series of values. The ANOVA test (Supplementary Table 2 ) was used to test the differences between the data obtained on the various diagnostic groups.
RESULTS
Clinical population
Demographics and biomarker values for the four clinical groups: AD, PSP, DLB, and CTRL, are presented in the Supplementary Table 2 . Age and MMSE (cognitive patients) were comparable between groups while A␤ 1−42 was lower in the AD group. As expected, differences in ELISA Tau and Tau phosphorylated at position 181 (p-Tau(181)) biomarker concentrations between AD patients and other clinical groups were significant. These results indicated that Tau and p-Tau(181) in this population in the advanced stages of the disease recruited from memory clinic were the best AD-specific biomarkers [25] .
Selection of peptides from recombinant Tau proteins
The identification of specific (proteotypic) Tau peptides, and their absolute quantification, was achieved using recombinant protein [15] . In this work, we used the longer Tau (Tau-441) recombinant proteins in its unlabeled and 15N-labeled full-length forms. Studies on recombinant Tau enabled us to optimize the digestion, chemical modification, and targeted HRMS detection steps. It has to be noted that all methionines were oxidized to methionine sulfone residues in order to render the corresponding peptides readily amenable to absolute quantification [15] . Tryptic digestion of Tau-441 generated a series of peptides (Supplementary Table 1 ), 18 of which were detectable in pools of CSF used for developing the method (Fig. 1A and Table 1 ). Interestingly five of these 18 peptides were isoform-specific. A scheduled parallel reaction monitoring (PRM) acquisition with a Q-Orbitrap mass spectrometer was then designed for the multiplexed and high-sensitivity targeted analysis of these peptides along with their 15N isotopologues (Fig. 1B) . Each peptide was followed by the extracted ions currents from the PRM spectra of its fragments (Fig. 1C) .
CSF Tau global molecular profile
The use of our optimized MS workflow on CSF samples generated quantitative data for 18 Tau peptides (Supplementary Table 3 ). The quantitation of each peptide was ensured using as internal standard, spiked fixed concentration of 15N Tau-441. The 14N/15N ratio was then reported on the calibration curve realized in triplicate using different concentration of 14N-Tau 441 in model matrix (Fig. 1D,E , Supplementary Material). The limit of detection based on Tau-441 ranged from 50 to 800 pg/mL while the limit of quantification defined as the concentration with a coefficient of variation lower than 20% ranged from 100 to 1000 pg/mL (Table 1 ). In the CSF of all the groups, we observed low peptide detection at the N-and C-terminus of the protein in comparison with the central core (Fig. 2, Supplementary Table 3 ). The two 2N specific peptides (pep 68-87, pep 88-126) were present in much lower amount than the 1N/2N peptide (pep 45-67) suggesting that the 1N isoform was the one mostly present in the CSF. Similarly, the 4R specific peptides (pep 275-280, pep 299-317) amounts were very low suggesting that the 3R isoform was mostly represented.
Correlation with ELISA
Importantly, for all Tau peptides, MS quantification was highly correlated to Tau measured in the same samples by ELISA (spearman's rank correlation significance < 0.001). The capture BT2 antibody used for the Tau sandwich ELISA is directed against the epitope present on pep 194-198, while the detection antibody, HT7, has its epitope present on pep 159-167 (Fig. 1A) . The correlation between ELISA and MS has been illustrated with pep 6-23, pep 156-164, and pep 396-406 (Fig. 3B-D) . MS values were around 20 times higher than those from ELISA (for pep 156-164). Such discrepancy between the two analytical methods has been reported before [26] . It seemed mainly in relation with differences in standard material used for the calibration curves. As a matter of fact, when we analyzed, the recombinant Tau-441 protein with the ELISA kit we could confirm this important difference in quantitation.
We observed also that the levels of Tau peptides were all intra-correlated (spearman's significance level p < 0.001), as illustrated for the most N-and Cterminal peptides (pep 6-23, pep 396-406) and the central peptide pep 156-163 (Fig. 3E,F) .
CSF Tau molecular profile in AD, PSP, DLB, and non-AD patients
The quantification of the Tau peptides in the clinical groups revealed an important and significant increase in the AD group when compared to the other groups (Fig. 2, Supplementary Table 3 , ANOVA p < 0.001). This was true for all the peptides, as illustrated in Figure 4B and C. This result was coherent Full sequences, exon specificity, and presence of known phosphorylation sites are indicated. The limit of detection (LOD) corresponded to the equivalent concentration of recombinant Tau-441 for which PRM ion count was detected. The limit of quantification (LOQ) corresponded to the equivalent lowest concentration of recombinant Tau-441 giving rise to the corresponding peptide detection which coefficient of variation was below 20%.
with both the correlation of MS quantification to ELISA, and the higher values of Tau ELISA in AD (Figs 3 and 4) . A striking observation was that the AD profile (Fig. 2) showed an indentation in the central core region that was not apparent in the other clinical groups. To visualize in more detail the variation in peptide concentrations in this region, we plotted the MS values of the four central core peptides, pep 156-163, pep 175-180, pep 181-190, and pep 195-209, after normalization (ratio) by the value of the pep 156-163 (Fig. 4D) . The rationale was that the pep 156-163, which is not susceptible to post-translational modification like phosphorylation (Table 1) , served as a reference for the total level of Tau (using instead the sum of all the peptides to normalize, resulted in a similar result). We then observed that pep 175-180 and pep 181-190 normalized levels were significantly lower in AD, while pep 195-209 was at the opposite higher in AD (this was also apparent in the Figure 2 looking at the shape of the right part of the central core region in AD and non-AD diagnosis). For PSP and DLB patients, the Tau central core appeared more elevated than in the control samples, which was in agreement with previous studies [10] . However, we had a low number of PSP and DLB patients in our cohort and this difference did not reach statistical significance.
DISCUSSION
Absolute quantification of peptides by MS is a recent analytical approach that yields unprecedented information to investigate biological events at a molecular level. Targeting large and complex proteins, like Tau, which are present in low-abundance in biological fluids, does, however, represent a major challenge. Here, thanks to an adaptation of the "protein standard for absolute quantification" (PSAQ) approach [16] , an original purification protocol not relying on immunocapture, and the latest generation of MS analyzers, we could monitor in parallel 18 peptides encompassing the entire Tau protein sequence and isoform diversity. Previous MS attempts to monitor Tau in the CSF of patients were in fact limited to a few peptides and/or relied on immunoprecipitation procedures [27, 28] . Importantly, preanalytical procedures are a major issue in the field of proteomics research, as Greco et al. have pointed out in connection with the CSF in particular [29] . In the present study, the same preanalytical protocol was used with all the samples (see the Methods section) and samples were traced in keeping with biobank standard NFS 96-900. It was unfortunately not possible to perform an additional quality control on the samples using MALDI-TOF-MS methods, as described by Greco et al. [29] . This elegant approach could be implemented in further studies using a larger cohort of samples.
Data generated by our study could be analyzed in different ways. The first one was related to the global molecular profile of Tau in the CSF. By looking at the absolute quantification of peptides covering Tau-441 sequence, we were able to deduce the expression profile characterized by low N-and C-terminus Tau expression and, in between these two, a central core with a much higher expression (up to 8 times more). In addition, the focus on isoform specific peptides was coherent with the 1N/3R isoform being the one most present in CSF. These data are relevant to predict the success/failure of Tau detection with antibodies targeting different regions. Because in our study the Tau protein was trypsin digested before analysis, we did not have a direct access to the exact fragments present in CSF. However, our results are coherent with the study of Meredith et al. [30] which described N-and C-terminal fragments associated with a 17 kDa central core fragment. Differences in output observed between the present study and those by Portelius et al. [28] and McAvoy et al. [27] can be accounted for in various ways different origins. First, the MS methods used were different, and the fact that different preanalytical methods were used in particular (precipitation versus immunocapture) may have yielded different results. Secondly, and most importantly, the methods of quantification and the standards used to draw up the calibration curves were different. These differences are likely to have resulted in significant differences between the concentrations obtained. More homogeneous results could probably be obtained in the future by using a Certified Reference Material.
The second level of our analysis was related to comparing Tau expression in different pathological conditions. The most striking observation was that in AD there is an increase of Tau peptide concentrations not only for the central core of the protein, but along the entire protein sequence. These AD-related data have important consequences since extracellular Tau, may play an active role in neurodegenerative processes [31] . The Tau "microtubule-binding domain" which is believed to be important in Tau polymerization did indeed show a higher expression in AD. The diagnosis potential of MS Tau peptide detection is important since this analytical method has important advantage in terms of specificity and absolute quantification [14, 32] . Studies in larger cohorts will be needed to assess its interest in comparison with classical ELISA [25] . We also collected data on a small number of samples that corresponded to typical clinical cases of PSP and DLB. Based on brain western blot and ELISA analysis, PSP is believed to be associated with an accumulation of exon10/4R species in the affected areas [33, 34] . However and paradoxically, in the CSF of PSP patients, we could not find the predominance of 4R, a result that was previously suggested using isoform differential ELISA [35] . This underlined the fact that a low CSF concentration might in fact reflect the accumulation/polymerization into filaments of a biomarker in the brain, which is well known for A␤ 1−42 . It is also possible that low Tau concentrations for both immunodetection and MS reside in PTM (phosphorylation in particular), which would change biomarker detection. In our study however, we relied on multiple peptides, some of them not having any known site of PTM, which reinforces the strength of our results. Finally, the peculiar AD profile in the central core which, after normalization revealed the relative decrease of peptides pep 175-180 and pep 181-190, might well illustrate the expected impact of phosphorylation on MS peptide detection. Several phosphorylation sites were in fact reported in this region (including the T181 site detected by the pTau ELISA). The relative increase of pep 195-209 in AD, however, is very puzzling and could correspond also to differences in post-translational modification or in the amount of Tau fragments covering this sequence. Further studies, and in particular MS quantification of the corresponding phosphopeptides [36] would be needed to fully explain these observations.
One limitation of our study resides in the relatively small sample set used and the lack of histopathological data. However, the patients were carefully selected and they had a good correspondence between clinical and biological phenotypes. Confirmation of our findings and evaluation of the diagnosis interest of MS Tau detection would nevertheless require an analysis of larger cohorts using multiplex assay, which would ideally include phosphopeptides. The application of our method of PRM Tau detection to routine laboratory situations will require having access to an expert proteomics center and will also require means of producing large enough amounts of quality controlled standard material. Analysis of brain homogenates will be also very interesting to understand Tau metabolism in physiological and pathological situations. It will also be interesting to investigate whether Tau truncation and the ratios between fragments change during the progression of the disease. In any case, we believe that our study clearly demonstrated the relevance of a new quantitative multiplex MS strategy and provided a new vision of Tau metabolism in CSF for future therapeutic interventions [4] and improved molecular diagnosis.
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